Humans often have to focus on a single target sound while ignoring competing maskers in everyday situations. In such conditions, speech intelligibility (SI) is improved when a target speaker is spatially separated from a masker (spatial release from making, SRM) compared to situations where both are co-located. Such asymmetric spatial configurations lead to a 'better-ear effect' with improved signal-to-noise ratio (SNR) at one ear. However, maskers often surround the listener leading to more symmetric configurations where better-ear effects are absent in a long-term, wideband sense. Nevertheless, better-ear glimpses distributed across time and frequency persist and were suggested to account for SRM (Brungart and Iyer 2012) . Here, speech reception was assessed using symmetric masker configurations while varying the spatio-temporal distribution of potential better-ear glimpses. Listeners were presented with a frontal target and eight single-talker maskers in four different symmetrical spatial configurations. Compared to the reference condition with colocated target and maskers, an SRM of up to 6 dB was observed. The SRM persisted when the frequency range of the maskers above or below 1500 Hz was replaced with stationary speech-shaped noise. Comparison to a recent short-time binaural SI model showed that betterear glimpses can account for half the observed SRM, while binaural interaction utilizing phase differences is required to explain the other half.
INTRODUCTION
Everyday, our auditory system is challenged to analyse relevant sounds in the background of many irrelevant sounds, as often referred to as cocktail party processing (Cherry 1953) where many talkers are simultaneously active while a listener tries to comprehend only one of them. Normal-hearing humans are surprisingly good at this. An important factor affecting speech intelligibility (SI) in such situations is the spatial relation between target and masking signals (speech or noise). Several studies have shown that a separation of target and masker in azimuth leads to an improvement in SI when compared to a co-located target and masker (reviewed by Bronkhorst 2000) . If the masker is noise, this improvement can mainly be explained by the so-called better-ear effect. It refers to the fact that the signal-to-noise ratio (SNR) for a frontal target is higher at the ear opposite to a masker from either side, caused by the sound shadowing effect of the head. Better-ear effects can lead to an improvement in SI of 8-10 dB (e.g. Bronkhorst and Plomp 1988; Freyman et al. 1999 ). This SI improvement due to spatial separation of target and masker is even higher when speech instead of noise is used as masker (Freyman et al. 1999) suggesting that listeners make use of factors other than the better-ear effect to improve SI with speech maskers. Moreover, maskers are often not only present to one side of the listener but are spatially distributed. For a uniform spatial distribution and a frontal target, an equal target-tomasker ratio (TMR) is observed at both ears of the listener and better-ear effects in a classical 'long-term' sense are absent. Accordingly, if SI is improved by an azimuthal separation of target and spatially distributed maskers, this improvement cannot be explained by the classical better-ear effect. Several studies have shown that when two symmetrically placed maskers were spatially separated from the target in azimuth, listeners showed an improvement of SI, i.e. spatial release from masking (SRM), between 5 and 12 dB depending on the spatial separation of target and masker (e.g. Marrone et al. 2008; Noble and Perrett 2002) . One potential mechanism underlying SRM in these conditions is the binaural processing of the interaural level difference (ILD) and interaural time difference (ITD) as, e.g. described by the classic equalization-cancellation (EC) model (Durlach 1963) . This model can account for binaural unmasking in psychoacoustics and was successfully combined with a speech intelligibility model (eSII; Rhebergen et al. 2006) in the (short-time) binaural speech intelligibility model (BSIM; Beutelmann and Brand 2006; Beutelmann et al. 2010) . A conceptually similar approach was suggested by Lavandier and Culling (2010) . The BSIM of Beutelmann et al. (2010) can make use of short-time, per-channel ITDs and ILDs to gain a binaurally improved TMR at the output of the EC stage. Recently, Wan et al. (2014) also suggested a short-time version of the EC model (STEC), additionally focusing on the advantages of binaural processing which adjusts to timevarying input waveforms. Common to both approaches is the assumption that the EC processing takes place independently in each of the time-frequency (T-F) segments and that the auditory system can selectively process these segments.
Another hypothesis for the mechanism underlying SRM is motivated from the field of computational auditory scene analysis and assumes that T-F segments in mixtures are dominated by signal power from one source. By means of object segregation (or with prior knowledge of the sources), an (ideal) binary mask can be constructed for two spatially separated sources, assigning the T-F segments to either source (e.g. Brown and Wang 2005) . Brungart and Iyer (2012) have applied this scheme as a better-ear binary mask, selecting better-ear glimpses (only considering shorttime, per-channel ILDs and disregarding ITDs). Their experimental results showed that SI in symmetric masker configurations can be explained by using an optimal binaural glimpsing strategy, suggesting that humans can determine the ear with the favourable TMR and moreover are able to rapidly switch between the two ears in order to maximize the SI in an optimal manner. This is in line with the assumption of selective processing of these segments in BSIM and STEC. However, it should be noted that the ability to use the suggested glimpsing strategy strongly depends on the confusability of target and masker, i.e. informational masking. It was shown that the use of better-ear glimpses cannot fully explain SI if the task produces high informational masking (Best et al. 2015; Glyde et al. 2013) . Moreover, Kidd et al. (2010) determined SI in a symmetric speech masker configuration similar to Marrone et al. (2008) , when all signals where either unfiltered or filtered into low-, midor high-frequency regions. The authors showed that SRM was highest for the unfiltered broadband condition, but the filtered conditions lead to a reduced but still considerable SRM (between 5 and 7 dB), indicating that there may be other factors than better-ear glimpses influencing SI in a multi-talker environment.
Most of the studies introduced so far, and also other studies regarding SI in symmetric masker configurations (e.g. Jones and Litovsky 2011), limited the number of masking talkers or used noise maskers. In this case, the spectro-temporal structure of ITD and ILD variations in the masker is not necessarily comparable to more complex, spatially distributed multi-talker situations (e.g. Bronkhorst and Plomp 1992). Thus, it still remains an open question to what extent human listeners can use better-ear glimpses in a complex environment with multiple speech maskers. Moreover, it is unclear how SI depends on the spatial distribution of the sources and the resulting spectro-temporal distribution of ITDs and ILDs.
Here speech reception thresholds (SRTs) were measured in a paradigm mimicking a cocktail party environment with eight spatially distributed masking talkers. Using more than two masking talkers as have previously often been used allows for a specific trading of spatial auditory cues against glimpsing cues. This trading was implemented as follows: listeners were presented with a frontal speech target and eight single-talker speech maskers. The eight maskers were presented in five different spatial configurations. In order to assess the relative contribution of long-term masking effects and better-ear glimpses, maskers were presented in three different conditions: In a first condition, SRTs were determined with natural broadband speech maskers. In the second and third conditions, the low-or high-frequency parts of all maskers were replaced by stationary speech-shaped noise (SSN). These manipulations left long-term energetic masking effects unchanged but precluded the use of better-ear glimpses in the targeted frequency range. SI was compared to predictions of a state-ofthe-art binaural SI model (Beutelmann et al. 2010) which allows for better-ear glimpses, and the contributions of individual model stages to overall SI were analysed.
MATERIAL AND METHODS

Psychophysics
Setup. Listeners were seated in a double-walled soundattenuated and anechoic chamber (Industrial Acoustics Company GmbH, Niederkrüchten, Germany, lined on all surfaces with 20-cm acoustic foam wedges). Target and maskers were presented in the free sound field via a circular array of 36 speakers (CANTON Plus XS.2, CANTON Elektronik GmbH & Co. KG, Weilrod, Germany) mounted in the chamber. The distance between each loudspeaker and the listener's head was approximately 1 m. Every loudspeaker was equalized with an individual finite-impulse-response filter resulting in a flat frequency and linear phase response from 100 Hz to 20 kHz as measured with a 1/2-in. microphone (B&K 4189) positioned in the middle of the subjects' interaural axis. A touch screen connected to the computer was used to display the graphical user interface. Stimulus Design. Three experimental conditions were tested in this study. All conditions consisted of a male target speaker and eight maskers (interfering speakers). For the target, sentences of the Oldenburger Satztest (OLSA; Wagener et al. 1999) were used. Maskers were continuous single-talker speech sequences derived from eight different audio books (three male and five female speakers) with a duration ranging from approximately 21 to 24 s. Gaps between words were limited to 100 ms. Each of the eight masker signals was presented at 47 dB SPL.
In the first condition of the experiment, the eight maskers were presented without any further modification (referred to as speech maskers). For the second condition, the frequency range above 1500 Hz of each masker was replaced by stationary, speech-shaped noise (LPS/HPSSN maskers). SSN was generated by calculating the average magnitude spectrum across time and all eight maskers and by using this average spectrum, together with eight different realizations of a random phase spectrum, to generate eight independent steady-state SSN maskers. For the third condition (HPS/LPSSN), the frequency range below 1500 Hz was replaced by SSN. The target sentences always remained unchanged.
The target was always presented from the frontal loudspeaker. The eight maskers were presented in five different in Figure 1 . In the reference configuration (leftmost panel; 0°), all maskers were co-located with the frontal target. In the 180°configuration, all maskers were co-located in the back. In the ±90°, ±40°/±140°and distributed (distr.) configurations 4, 2 and 1 masker(s) were mapped to the 2, 4 and 8 directions, respectively. Thus, in all spatial configurations, all eight maskers were presented. All stimuli were D/A converted (fs = 44.1 kHz, MOTU 24I/O, MOTU, Inc., Cambridge, MA, USA) and amplified (NAD CI9120, NAD Electronics International, Ontario, Canada). Experimental Procedure. SRTs for 50 % speech intelligibility were measured using the OLSA with an adaptive procedure to vary the SNR. The target sentences followed the structure name-verb-numeral-adjectivenoun. Each of the five words of this sentence was randomly chosen from a list of ten words, resulting in a grammatically correct but semantically not predictable sentence. Listeners were required to indicate the words they understood by using a touch screen showing a matrix of all possible 5 × 10 words (closed test). No feedback was provided. After the listener confirmed his/her answer, the next sentence presentation was started. Listeners were instructed to always face the loudspeaker in the front (emitting the target). The maskers were switched on 1 s before the onset of the target sentence. A random part of each of the individual maskers was selected for each trial. Five SRT measurements were performed in an interleaved manner with a new spatial configuration occurring in random order for each presented target sentence. Each listener performed three OLSA runs; each run consisted of 20 target sentences per spatial configuration, i.e. an overall of 100 sentences per run. The whole experimental procedure and stimulus presentation was implemented using the Matlab AFC package (Ewert 2013). Subjects. Ten human listeners (four males and six females, mean age 23 ± 1 years) participated in the experiments with masker condition 1. Six of these ten subjects (two males and four females) also participated in the experiment with the second masker condition. Ten different listeners (four males and six females, mean age 22.9 years) were recruited for the third masker condition. All subjects participated voluntarily in this study and showed normal hearing at audiometric frequencies between 250 and 8000 Hz. Analysis. Individual SRTs for each listener were calculated by averaging SRTs across three adaptive tracks. Median SRTs for each of the five spatial masker configurations were then calculated across listeners for each of the three masker versions.
In order to determine the SRM, the difference between the SRT in the reference configuration and the SRT in each of the four spatial test configurations was calculated.
For statistical analysis, one-way repeated-measures ANOVAs and post hoc pair-wise comparisons using Bonferroni adjustments were applied (IBM SPSS Statistics 22).
Simulation
To develop an understanding of the underlying factors responsible for the experimentally determined SRM, four different models were used to predict the current results. It should be noted that within each model, the same parameters were used for all predictions.
Long-Term SNR at the Ear Drum
The long-term SNR at the left and right ear was calculated independently in order to simulate SRM resulting from the physical properties of the head and pinna. Each of the eight maskers and the target sentences were replaced by steady-state SSN. Head-related transfer functions (HRTFs: 'large pinnae' from the CIPIC HRTF database) were used to position each of the masker SSNs and the target SSN at a specific azimuth for the five spatial configurations. The eight spatialized masker SSNs were then added resulting in a masker-only SSN. The target SSN was added at 11 different SNRs. A very simple decision device was implemented assuming that the target was detected when the level of the target-plus-masker SSN was at least 1 dB higher than the level of the masker-alone SSN. This calculation was performed for each ear and each masker configuration. The SRM relative to the reference configuration was then derived for each masker condition.
Binaural Speech Intelligibility Model
The further SI simulations (see below) were all based on the short-time BSIM by Beutelmann et al. (2010) . For a detailed description of the full model, the reader is referred to their publication. Briefly, the model receives left and right ear input signals (target alone, in the form of SSN, and masker alone). The signals are passed through a Gammatone filterbank. The filterbank consists of 30 frequency bands between 140 Hz and 9 kHz, each frequency band having an equivalent rectangular bandwidth according to Glasberg and Moore (1990) . Each frequency band is processed individually by an EC stage (Durlach 1963) . In order to find the best SNR at the two ears, this stage delays and attenuates the signals of one ear with respect to the other ear (equalization) and then subtracts the two signals (cancellation). The processing is performed in about 20-ms-long consecutive time frames (1024 samples, 44.1 kHz sampling rate) with Hann windows (resulting in equivalent rectangular duration of 12 ms). For each temporal frame and frequency band (T-F glimpse), the output of the EC stage provides a maximally improved SNR which can be resulting from either equalization-cancellation or from selection of the better ear. These time frame and frequency-dependent SNRs serve as input for the monaural speech intelligibility index (SII). The SII includes a speech importance weighting of frequencies and transforms the SNRs into an estimate of speech intelligibility between 0 and 1. The SII is calculated based on per-band SNR in the time frames and combined across time yielding a single value for the whole target signal. To derive an SRT estimate, the SII value corresponding to the measured SRT for the co-located speech masker configuration was calculated using BSIM and served as reference value. This reference SII value (0.407) was the only free parameter in the model. For all other combinations of masker conditions and spatial configurations, and for all BSIM versions as defined below, the SNR was then adjusted to match the model SII output to that reference SII value. For each combination of masker condition and spatial configuration, all calculations were performed for eight random segments of the maskers with a duration of about 2.1 s (equivalent to the duration of OLSA sentences). The final SRT estimate was the average SRT across the eight masker segments. Dual-Monaural BSIM. In this version, each ear (including cochlear pre-processing) was modelled individually but without the EC stage and without the possibility to make use of better-ear glimpses. For this, the EC stage in BSIM was deactivated and SI predictions were generated for the left ear and the right ear independently. BSIM Without EC (Better-Ear Glimpsing). Better-ear glimpsing was enabled in this version; thus, the model can select the better ear in each 20-ms time frame and auditory filter independently to observe
istr.
FIG. 1. Spatial configuration of target and maskers. From left to right:
The left-most panel depicts the reference condition, i.e. all eight masking signals are presented together with the target signal (T) from 0°. Panels 2 to 5 depict the four test conditions. In these conditions, the eight masking signals were either all presented from the loudspeaker in the back of the listener or distributed on either two, four or eight loudspeakers, symmetrically placed around the listener.
the best possible SNR. However, there is no further improvement of the SNR by using the EC stage and exploiting interaural phase differences. BSIM. This was the full BSIM model as briefly described above, including both better-ear glimpsing and the EC stage.
RESULTS
Psychophysics
SRTs expressed as TMR against the summed level of all eight maskers are plotted in the three panels of Figure 2 for the three masker conditions, respectively. Each panel shows boxplots of the SRTs (medians and interquartiles across listeners) for the five spatial masker configurations indicated on the x-axis.
For the speech masker condition (left panel of Fig. 2) , listeners showed the highest SRT of about −4.5 dB in the (co-located) reference configuration. An SRM was observed for the four other masker configurations. The lowest SRT of about −10 dB was found when the eight masker signals were presented from four different positions (±40°/±140°).
The middle and right panels of Figure 2 show the median SRTs for the LPS/HPSSN and HPS/LPSSN masker condition, respectively. Similarly to the speech maskers, SRTs were highest, i.e. SI was worst, in the reference configuration and a clear SRM occurred for the other spatial configurations. Interestingly, the SRTs for both the LPS/HPSSN and the HPS/LPSSN maskers were generally about 3 dB lower than for the speech masker, i.e. SI improved when maskers were partially replaced by speech-shaped noise.
A one-way repeated-measures ANOVA showed a highly significant effect of spatial masker configuration for all three masker conditions [F(2.26, 20 .32) = 155.68, p G 0.001; F(4, 20) = 123.66, p G 0.001; and F(1.41,12.73) = 79.81, p G 0.001 for broadband, LPS/ HPSSN and HPS/LPSSN, respectively]. The assumption of sphericity was violated for broadband and HPS/LPSSN (Mauchly's test), and GreenhouseGeisser correction was used. Significant differences of the post hoc pair-wise comparisons (Bonferroni corrected) between SRTs within each masker condition are represented by black lines in Figure 2 . All differences were significant at p G 0.001, except for LPS/HPSSN (0-180, ±40/±140-180, ±40/±140-90, ±40/±140-distr.: p G 0.01) and for HPS/LPSSN (±90-distr.: p G 0.05). Overall, listeners clearly benefitted from the spatial separation of the maskers from the target, confirming results of previous studies with a symmetric configuration of two maskers. Second, SRTs improved when the speech maskers were replaced by SSN in their high-or low-frequency part. Considering the quite steep psychometric functions that are achieved with the OLSA (15-20 % SI per dB), the observed 3-4-dB SRT improvement reflects a considerable improvement of SI at the same TMR.
To quantify the differential effect of the different spatial masker configurations, SRM in decibel relative to the co-located (0°) configuration was calculated. The SRM is shown in Figure 3 in the same format as Figure 2 . A one-way repeated-measures ANOVA showed a highly significant effect of spatial masker configuration for all three masker conditions [F(1.55, 13.94) = 70.98, p G 0.001; F(3, 15) = 41.41, p G 0.001; and F(1.26, 11.60) = 12.19, p = 0.003 for broadband, LPS/HPSSN and HPS/LPSSN, respectively]. The assumption of sphericity was violated for broadband and HPS/LPSSN (Mauchly's test), and GreenhouseGeisser correction was used. Significant differences of the post hoc, pair-wise comparisons (Bonferroni corrected) between SRM within each masker condition are represented by black lines in Figure 3 . All differences were significant at p G 0.001, except for LPS/HPSSN (±40°/±140°to ±90, ±40/±140-distr.: p G 0.01) and for HPS/LPSSN (±90-distr.: p G 0.01). The data clearly show that listeners benefitted (with a masking release between 3 and 4 dB) from the eight maskers being located at 180°, i.e. directly behind them. When four of the maskers were presented 90°t o the left and the other four 90°to the right, listeners benefitted further when the maskers were full speech but not when the maskers were partially replaced by SSN. The strongest SRM was observed when the eight maskers were distributed across four positions (±40°/ ±140°) at least for the speech and LPS/HPSSN maskers. Distributing the eight maskers further to eight distinct azimuthal positions around the listeners did not result in a further release from masking. Instead, the SRM was significantly smaller than in the ±40°/±140°configuration across all masker conditions.
Simulations
The three panels of Figure 4 show SRTs generated from the BSIM model for the three masker conditions in the same format as the data in Figure 2 . Simulated SRTs are represented by black horizontal lines. The experimental data are given in grey for comparison. The goodness of fit between the experimental data and model predictions is quantified in terms of rootmean-squared error (RMSE) and mean linear deviation (bias). The model was adjusted to match the SRT for the co-located (0°) configuration with speech maskers (left-most data point in the left panel). The model showed a similar pattern of results as observed in the data for the speech maskers. SRTs were slightly higher in the 180°, ±90°and ±40°/±140°configura-tion, underestimating the empirical SRM. For the LPS/HPSSN maskers (middle panel of Fig. 4 ), simulated SRTs deteriorated by about 2 dB, indicating that the model requires a higher target level to reach the same intelligibility when compared to the speech masker condition. This is in strong contrast to the experimental data, where SRTs improve by about 3 dB when speech maskers are replaced by LPS/ HPSSN maskers. For HPS/LPSSN maskers (right panel of Fig. 4 ), simulated SRTs decreased by about 1 dB compared to the LPS/HPSSN maskers but were still worse than the data. Thus, the BSIM model was not able to simulate the listeners' improvement in SI (lower SRTs) for the two modified masker conditions. In summary, the BSIM model showed good agreement with the experimental data concerning SRM, even in the different symmetric complex spatial configurations, but it appears unable to predict the experimentally observed effect of replacing high-or low-frequency parts of the masking speech by SSN.
To assess the contributions of the different auditory processing stages in the model, four model versions were used for the simulations in Figure 5 . SRM calculated from the empirical data is given in grey in the same style as in Figure 3 . The model simulations are also expressed as SRM. The columns represent the three masker conditions, and the rows represent different model versions with different processing stages. Again, the goodness of fit between the experimental data and model predictions is quantified in terms of RMSE and bias. The most basic simulation (long-term SNR at eardrum) in the top row determined the long-term SNR at both ears, indicated by the sub-bars for the left (black) and right (grey) ear, respectively. The simulation showed that head shadow and pinna effects have very low predictive power for the observed SRM. For most masker configurations, the simulation predicted negative unmasking (more masking), whereas the listeners showed positive unmasking (see panels A-C). For the 180°condition, a release from masking could be found for the right ear which is caused by an asymmetry of the CIPIC HRTFs for 0°and 180°. This yielded a long-term SNR of about 1.8 dB. Very similar results were found when simulating both ears individually in the modified dual-monaural BSIM shown in the second row of Figure 5D -F. In contrast to the long-term SNR model in the first row, this model included auditory filters, short-time processing and transformation of per-band SNRs to SI. Again, the model only considered the signal at either ear in isolation yielding two independent predictions indicated by the black and grey lines. A slight SNR improvement at the right ear for the 180°configura-tion was observed, in line with the long-term SNR at the eardrum. Otherwise, no considerable SRM was observed. In the third row (panels G-I), both ears of the BSIM were enabled which allows the model to use better-ear glimpsing, i.e. in each T-F frame, the betterear SNR is used as input to the SII backend of the model. The binaural processing stage (EC stage in BSIM) was still disabled. In this case, the SRM increased by 1 to 2 dB. However, it was still considerably less than observed in the psychophysical data. In the bottom row (Fig. 5J-L) , the simulation for the complete BSIM model (i.e. the SRM calculated from the simulations in Fig. 4) is shown. This model also included the EC stage and thus an interaural processing stage which utilizes both, short-time, channel-wise ITDs and ILDs, to reduce effects of energetic masking. As already obvious from Figure 4 , the BSIM could account for most of the spatial unmasking observed in the psychophysical data with a large deviation occurring for the 180°configuration, particularly for HPS/LPSSN (lower right panel).
DISCUSSION
The present study determined SRTs for a frontal speech target presented with three different masker conditions in five different symmetrical spatial configurations. Compared to a reference condition (all maskers co-located with the target), a considerable SRM (3-6 dB) was observed for the speech masker. When low-or high-frequency parts of the speech maskers were replaced by steady-state SSN, overall SRTs, independent of spatial configuration, improved considerably but the SRM persisted.
Effect of Spatial Masker Configuration on SRM
Similar to other studies with symmetric masker configurations (Bronkhorst and Plomp 1988; Glyde et al. 2013; Marrone et al. 2008) , subjects benefitted strongly from a spatial separation of the maskers from the target. Most comparable to the spatial configurations tested in these studies was the current ±90°c onfiguration. In a comparable arrangement of target (0°) and maskers (±90°), the SRM of ∼5.5 dB in the current study was smaller than in, e.g. Marrone et al. (2008; ∼12 dB) . However, it should be noted that in their study SRM was quantified with only two maskers (all talkers female) compared to the current eight maskers of mixed gender. Glyde et al. (2013) found an SRM of ∼7 dB with two different talkers. The fact that SRM was lower in the current study can be partly attributed to the much higher number of speech maskers (Cullington and Zeng 2008; Hawley et al. 2004) limiting the availability of temporal troughs in the combined masker. Another factor influencing SRM, even if the same number of maskers was used across studies, is the exact psychophysical procedure to quantify SRTs (the test type) and the related amount of informational masking. SRM measured in tests with high informational masking was greater than in tests with lower informational masking (e.g. Best et al. 2015; Glyde et al. 2013) . Furthermore, the distribution of genders across target and masking talkers is known to affect informational masking (e.g. Brungart 2001 ) and, consequently, also SRM. When distributing the eight maskers from two positions to four positions (±40°/±140°), SRM increased by about 1.5 dB to almost 6 dB. The simulations showed that even with the most basic model (cf. Fig. 5A -C) this improvement can also be observed, although overall SRM values in this simple model were much too small. Likewise, the dualmonaural BSIM accounted for this improvement. Thus, it is obvious that the improvement is related to spectral changes in the HRTFs. Inspection of the HRTFs and resulting ILDs showed that in comparison to ±90°, (i) the ILD in the 1-2-kHz range is increased (up to 6 dB) for ±40°, (ii) both ears show an attenuation of about 1-1.5 dB below 1.5 kHz for ±40°and ±140°and (iii) for ±140°degrees considerable attenuation is observed above 4-5 kHz. In combination, these HRTF differences explain the 1.5-dB increased SRM for ±40°/±140°in comparison to ±90°. Results from Marrone et al. (2008) showed virtually no change of SRM when their maskers were moved from ±90°to ±45°, suggesting that part of the 1.5-dB benefit found in the current data might still be caused by moving four of the masker into the subjects' rear hemisphere. When all eight maskers were distributed equally around the listener, SRM did not improve further but deteriorated, relative to the ±40°/±140°configuration. Again studying the different model versions, this difference was absent in the simplest version and only emerged with increasing complexity of the model. At the same time, however, overall SRM values improved with increasing model complexity. The overall deterioration of the SRM in the distributed configuration relative to the ±40°/ ±140°configuration is likely to result from the most frontal maskers coming close to the target. In the distributed configuration they were located at ±20°, showing reduced interaural differences in comparison to ±40°. Likewise, the respective rear maskers (±140°) which also show only small interaural differences contribute. This is in line with the SRM in Marrone et al. (2008) which deteriorated by ∼4 dB when their two speech maskers were moved from ±45°to ±15°. The fact that this change in SRM was quite well captured by the current full BSIM model indicates that also the model cannot exploit the time-variant binaural disparities between the maskers and the target, when the closest maskers were located ±20°f rom the target. It appears that due to the fact that the EC stage of the BSIM model operates on the peripherally filtered representations of the signals, the resulting binaural correlation limits the ability of the EC stage to separate target and maskers even within the 20-ms analysis windows. Such a limitation caused by the band-pass representation of the signals also seems plausible for the human auditory system.
The final and quite interesting spatial configuration in the current experiments was all eight maskers positioned at 180°, i.e. directly behind the listener. In this configuration, the listeners showed a significant SRM of about 3 dB. Previous studies on SRM of speech signals, both with noise and speech maskers, also found an SRM between 0.7 and 3 dB (Bronkhorst and Plomp 1988; Freyman et al. 2005; Peissig and Kollmeier 1997; Platte and vom Hövel 1980; Plomp 1967; Plomp and Mimpen 1981) . The current simulations with the simplest model, which still included realistic HRTFs, showed a different amount of SRM for the two simulated ears. While the left ear showed virtually no unmasking, the right ear showed a SRM of about 1.5 dB (Fig. 5A) . Not surprisingly, when betterear glimpsing was allowed, the model consequently relied on the right ear and retained this SRM (Fig. 5G) . Adding a binaural process in terms of the EC stage provided a small amount of additional SRM (∼0.5 dB; Fig. 5J ). The HRTFs used for these simulations were extracted from the 'large pinna' data, acquired with 5°azimuthal resolution. Inspection of these measured HRTFs revealed an asymmetry: the 0°HRTFs have a residual ILD (∼2 dB), while the 180°HRTFs have no ILD but an ITD of about 50 μs. The simulation results showed that the model can exploit these residual binaural cues to create a SRM. Equally, it is conceivable that the residual asymmetries between the 0°and 180°p ositions in the human subjects may contribute to the experimentally observed SRM of about 3 dB. Moreover, even though subjects were advised to orient their head to the front and to not move, small head movements and errors in the exact head orientation cannot be ruled out. To assess the effect of head orientations, model simulations were performed for head rotations of +5°or −5°relative to the exact frontal direction. The simulation results showed that when the maskers were presented from either 2,or −5°, respectively, in line with the spread of SRM values observed for the 180°configuration (3 to 4 dB). Thus, it is likely that small head movements had some impact on the SRM values measured on the listeners in this experiment that were not captured by the model. However, even if there are no binaural cues (no ITDs or ILDs) available to the subjects, Martin et al. (2012) showed that when separating target and maskers in elevation (providing spectral cues), there was a substantial amount of SRM which might also explain the SRM found for the 180°condition in the present study. Further research is required to more fully explore the dynamics of how better-ear listening and binaural interactions combine to determine listener performance in complex symmetric cocktail party environments.
Brungart and Iyer (2012) hypothesized that an important contribution to SRM with symmetrically arranged masking talkers originates from an optimal usage of better-ear glimpses, i.e. short-term variations in ILDs that, at each point in time and in each frequency channel, provide a better TMR in one of the ears. In contrast to Brungart and Iyer, the current study used a much higher number of interfering talkers (8 versus 2) which most likely results in a strong reduction of better-ear glimpses with a strongly improved SNR assessable by the listener. The relative importance of better-ear glimpsing might thus be lower in situations with a higher number of interfering talkers as the probability of high-SNR glimpses is reduced. Thus, one could expect interaural phase related cues to play a more important role when the number of available better-ear glimpses is reduced. To further assess the role of glimpsing in the current study, the high-frequency part of the speech maskers was replaced with steady-state SSN (LPS/HPSSN). In this condition, better-ear glimpses providing considerable SNR improvements were substantially reduced given that ILDs are considerably larger above than below 1.5 kHz. Following the hypothesis of Brungart and Iyer, it can be expected that this manipulation reduces SRM. Surprisingly, SRM with the LPS/HPSSN was quite similar to the SRM found with speech maskers, indicating that better-ear glimpses cannot entirely explain SRM. The question is how the replacement of the speech maskers by the LPS/ HPSSN maskers is reflected in the model simulations: the two simplest versions (Fig. 5A-F) which did not allow for better-ear glimpses showed hardly any effect of the masker manipulation, as expected. Consistent with the hypothesis of Brungart and Iyer, the model with better-ear glimpsing (Fig. 5H) showed an overall inferior performance with LPS/HPSSN maskers than with speech maskers (Fig. 5G) . Analysis of the glimpsing contributions in the model below and above 1.5 kHz showed that the SNR improvement (in dB) above 1.5 kHz is by a factor of about 3-4 larger than below 1.5 kHz for the speech maskers, in line with the expectation based on the frequency dependency of ILDs. Still a considerable improvement of about 1.5 dB could be observed below 1.5 kHz. The summed band importance function used in the conversion of SNRs to SII for the channels below 1.5 kHz is nearly identical to that above 1.5 kHz. Thus, regarding SI both frequency regions contribute equally in the model, explaining the SRM predicted by the glimpsing model in the LPS/HPSSN conditions of about 1 dB.
Similar to the simulations with speech maskers, adding binaural interaction in terms of an EC stage improved the simulations to match the experimental SRM quite well.
The third masker condition consisted of HPS/ LPSSN maskers where the low-frequency part of the maskers was replaced by steady-state SSN. This masker manipulation should retain the use of better-ear glimpses but preclude the use of time-variant ITD cues to be exploited for SRM. The experimentally observed SRM was similar to that for the speech maskers or the LPS/HPSSN maskers. The simulations with the glimpsing model (Fig. 5I) showed more SRM than for the LPS/HPSSN maskers but the difference was small. As pointed out above, in the glimpsing model, two effects combine: exploiting better-ear glimpses improves with increasing frequency and large bandwidth (91.5 kHz) but the band importance function included in the SII applies the same weight to the low-frequency band (G1.5 kHz) in speech signals. The net effect is a small SRM for both the HPS/LPSSN and LPS/HPSSN masker. Again, adding the EC stage improved overall SRM values to match the experimentally observed SRM values quite well. At first sight, this improvement might be surprising because time-variant ITD cues, as they can be exploited by the EC stage, should have been precluded by the HPS/LPSSN maskers. In the model, the improvement may rely on time-variant envelope ITD or residual (carrier) ITD cues, caused by spectrotemporal ITD fluctuations of the uncorrelated SSN, exploited by the EC stage.
Many previous studies on SRM with speech targets were not only performed using speech maskers but also with SSN maskers (e.g. Culling et al. 2004; Freyman et al. 1999; Hawley et al. 2004; Jones and Litovsky 2011) . However, such a masker condition was not included in the current study since the focus was on the role of fluctuating interaural cues in a multitalker environment. Nevertheless, model simulations with uncorrelated broadband SSN maskers were performed to relate the current findings to these previous studies. The simulation results in Figure 6 show that reduced but still prominent SRM values of up to 3 dB are observed for the full BSIM using broadband SSN as maskers (black bars). This reduction in SRM for SSN maskers is in line with experimental data from other studies comparing SRM with speech or speech-like maskers (e.g. Jones and Litovsky 2011; Noble and Perrett 2002) . Comparisons with all less complex BSIM versions (coloured bars) demonstrate that the SRM in such spatial masker configurations is dominated by the EC stage. For the broadband SSN, the EC stage exploited the fact that the (uncorrelated) SSN maskers were spatially distributed and caused spectro-temporal ITD fluctuations, while the target speech had zero ITD and ILD. The absence of any SRM for BSIM without EC, i.e. glimpsing only, underlines the important role of (fluctuating) ITDs which can be exploited for speech perception in complex binaural conditions, while ILD glimpses do not contribute.
Effect of the Masker Conditions on SRTs
Data in Figure 2 show that, relatively independent of the spatial masker configuration, the empirical SRTs improved by about 3 dB when either the high-or lowfrequency part of the maskers was replaced by steadystate SSN. A similar improvement of SRTs (by 5 dB) was observed by Culling et al. (2004) when three co-located speech maskers were replaced with SSN. Differences between their findings and the current ones can be attributed to the lower number of maskers in the study of Culling et al. and that not only high-or low-frequency parts but the whole speech maskers were replaced by SSN. Hawley et al. (2004) found that for a single colocated masker, the replacement of a speech masker by steady-state SSN leads to a deterioration of SRTs while, when the same replacement is performed for three colocated maskers, the replacement leads to an improvement of SRTs. Marrone et al. (2008) also found a strong improvement of SRTs (∼12 dB) when they timereversed the signals of two maskers that were colocated with the target. Finally, Best et al. (2015) measured SRTs using two different experimental tests, the 'Modified Rhyme Test' and the 'Coordinate Response Measure corpus', but the same spatial arrangement of target and masker. Strongly improved SRTs (∼10 dB) for the co-located target and masker condition were found for the rhyme test, which is assumed to produce lower confusability of target and maskers. These data for spatial masking conditions, together with the current findings, indicate that the more intelligible the maskers are, the larger the masking, a finding that is likely related to informational masking (Best et al. 2015; Culling et al. 2004; Hawley et al. 2004; Kidd et al. 2008) . Such involvement of informational masking and associated cognitive effects is also reflected in the current simulation results which are based on spectral masking in T-F segments (including benefits of EC processing): while the full BSIM can predict the SRM for all masker conditions (Fig. 5J-L) fairly well, the model cannot predict the effect of the masker condition on the SRTs. Specifically, compared to the speech maskers, the model showed worse SRTs for the LPS/HPSSN and HPS/LPSSN condition whereas subjects showed improved SRTs (Fig. 4) . In the model, SSN will always lead to higher thresholds than modulated maskers given that less 'dip listening' is available. Thus, by adjusting the model to match the SRTs for the modulated speech maskers, any informational masking occurring in humans and which is not assessed by the model is inherently covered by the threshold adjustment. Accordingly, if the model was adjusted to match the SRTs for LPS/HPSSN and HPS/ LPSSN, it would predict considerably lower SRTs for the speech masker as observed in the data. It can then be hypothesized that the resulting gap between the model predictions and the data is related to informational masking which is not considered in the model. The fact that the model still correctly predicts the pattern of the SRTs (and thus SRM) indicates that the hypothesized informational masking effect is independent of the In the dual-monaural BSIM, only left or right ear is enabled separately (blue and red sub-bar, respectively). In BSIM without EC, both ears are enabled but only better-ear glimpsing is used (grey bars). In contrast to the previous model versions, the full BSIM (black bars) show a considerable SRM.
spatial configuration given that the number of masking talkers and their relative level was fixed.
Another difference between SSN and the interfering talkers which should be mentioned is that SSN has independent temporal fluctuations across frequency bands, while the target speech has correlated modulation across frequency bands (comodulation). Hawley et al. (2004) directly compared SRTs for SSN maskers with and without comodulation. They found that listeners benefitted from the comodulation with only one masker but the benefit was absent for three maskers. These findings argue against comodulation affecting the current patterns of results.
SUMMARY AND CONCLUSIONS
The current experiments show that in a complex symmetric spatial masking situation, comparable to a crowded cocktail party, an SRM of up to 6 dB can be observed. When either the low-frequency or highfrequency part of the masking talkers was replaced by stationary SSN, the same SRM was observed as for natural speech maskers but overall SRTs improved significantly. From complementary modelling based on both binaural interactions and/or better-ear glimpses, the current study suggests the following:
Informational masking plays a considerable role for SRTs (at least 3 dB of additional masking) in symmetric spatial masking conditions with eight masking talkers and does not depend on the spatial distribution of the maskers. It is likely, however, that the amount of informational masking will depend on the recruited speech material and experimental procedure. The observed SRM of up to 5 dB cannot be fully explained by better-ear glimpsing alone. Binaural speech intelligibility model predictions incorporating both better-ear glimpsing and binaural interaction in the form of an equalizationcancellation process indicate that the use of fast fluctuating interaural time or phase differences plays an important role for speech perception in complex symmetric spatial masking conditions with multiple talkers, comparable to a crowded cocktail party.
